Abstract. Esophageal carcinoma is the eighth most common cancer worldwide and the sixth leading cause of cancer-related deaths, with one of the worst prognoses of any form of cancer. Treatment with the anti-diabetic drug metformin has been associated with reduced cancer incidence in patients with type 2 diabetes. This study therefore evaluated the effects of metformin on the proliferation, in vitro and in vivo, of human esophageal adenocarcinoma cells, as well as the microRNAs associated with the antitumor effects of metformin. Metformin inhibited the proliferation of the esophageal adenocarcinoma cell lines OE19, OE33, SK-GT4 and OACM 5.1C, blocking the G0 to G1 transition in the cell cycle. This was accompanied by strong reductions in G1 cyclins, especially cyclin D1, cyclin-dependent kinase (Cdk)4, and Cdk6, and decreases in retinoblastoma protein phosphorylation. In addition, metformin reduced the phosphorylation of epidermal growth factor receptor and insulin-like growth factor and insulin-like growth factor-1 receptor, as well as angiogenesis-related proteins, such as vascular endothelial growth factor, tissue inhibitor of metalloproteinases (TIMP)-1, and TIMP-2. Metformin also markedly altered microRNA expression. Treatment with metformin of athymic nude mice bearing xenograft tumors reduced tumor proliferation. These findings suggest that metformin may have clinical use in the treatment of esophageal adenocarcinoma.
Introduction
Esophageal carcinoma is the eighth most common cancer worldwide and the sixth leading cause of cancer-related deaths (1) . It has one of the worst prognoses of any cancer, with a 5-year overall survival rate of about 15-25%. Poor prognosis has been associated with diagnosis at advanced (metastatic) stages and its propensity for metastasis (2, 3) . Esophageal adenocarcinoma is less common than squamous cell carcinoma, although the frequency of adenocarcinoma of the esophagus, esophageal junction (EGJ) and gastric cardia has increased dramatically in Western countries (4) .
Metformin is an oral biguanide drug used to treat type 2 diabetes (5). It lowers hyperglycemia by inhibiting hepatic glucose production. A recent epidemiologic survey found that metformin use was associated with reduced cancer incidence in patients with type 2 diabetes (6,7).
The anticarcinogenic activity of metformin has been attributed to several mechanisms, including activation of the LKB1/AMPK pathway, induction of cell cycle arrest and/or apoptosis, inhibition of protein synthesis, inhibition of the unfolded protein response, activation of the immune system, and possible eradication of cancer stem cells (8) . Activation of the LKB1/AMPK pathway inhibits mammalian target of rapamycin (mTOR), which negatively affects protein synthesis in cancer cells (8) . Metformin has been shown to inhibit the proliferation of various cancer cell types, such as those of prostate (5) , breast (9) and colon (10) cancer.
Several in vitro and in vivo studies have also indicated that metformin inhibits the growth of gastric (11) , esophageal squamous cell (12) , and hepatocellular (13) carcinoma cells. Less is known, however, about the antitumor effects of metformin on esophageal adenocarcinoma cells and on micro RNAs (miRNA) associated with these effects. This study therefore evaluated the effects of metformin on the growth of esophageal adenocarcinoma cell lines, its mechanism of action, and the miRNAs associated with the antitumor effect of metformin.
Materials and methods
Regents and antibodies. Metformin (1,1-dimethylbiguanide monohydrochloride) was purchased from Astellas Pharma, Inc. Cell counting kit (CCK)-8 was purchased from Dojindo Laboratories (Kumamoto, Japan), and all other chemicals were obtained from Sigma Chemical (Tokyo, Japan). Primary antibodies included anti-β-actin monoclonal antibody (Sigma-Aldrich, St. Louis, MO, USA; A5441, 1:3,000), anti-cyclin D1 (RB-9041, used at 1:1,000; Thermo Fisher Scientific, Walthman, MA, USA), anti-cyclin E (used at 1:1,000; Thermo Fisher Scientific), anti-Cdk6 (sc-177, used at 1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Cdk4 (sc-749, used at 1:1,000; Santa Cruz Biotechnology), anti-Cdk2 (sc-163, used at 1:2,000; Santa Cruz Biotechnology), and phosphorylated retinoblastoma protein (Rb; no. 558385, used at 1:1,000; BD Pharmingen), and anti-Rb (sc-50, used at 1:1,000; Santa Cruz Biotechnology). Secondary antibodies included horseradish peroxidase (hRP)-linked antimouse and antirabbit IgG antibodies (used at 1:2,000; GE healthcare, UK).
Antidiabetic drug metformin inhibits esophageal adenocarcinoma cell proliferation in vitro and in vivo
Cell culture and cell proliferation assay. The four human esophageal adenocarcinoma cell lines, OE19, OE33, SK-GT4 and OACM5.1c, were obtained from the European Collection of Cell Culture (ECACC). All were grown in RPMI-1640 (Gibco Invitrogen, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin 9100 mg/l; Invitrogen), at 37˚C in a humidified atmosphere containing 5% CO 2 .
Cell proliferation was assayed using the CCK-8 cell counting kit, according to the manufacturer's instructions. Briefly, cells (5x10 3 ) were seeded into each well of a 96-well plate and cultured in 100 µl of RPMI-1640 supplemented with 10% FBS. After 24 h, metformin (0, 1, 5 or 10 mM) was added to each well and cells were cultured for an additional 72 h. CCK-8 reagent (10 µl) was added to each well, and the plates were incubated at 37˚C for 3 h. The absorbance of each well was measured at 450 nm using a microplate reader.
Preparation of cell lysate. Cell lysates were prepared as described at 4˚C (14) . Protein concentrations were measured using a dye-binding protein assay based on the Bradford method (15) .
Gel electrophoresis and western blotting. OE19 cells (1.0x10 6 /dish) were seeded in 100-mm culture dishes and cultured for 24 h; metformin was added, and the cells were further cultured for 72 h. The cells were lysed in protease-inhibitor cocktail ('Complete' protease inhibitor mixture; iNtRON Biotechnology; Sungnam; Korea) on ice for 20 min. Suspensions of lysed cells were centrifuged at 13000 x g at 4˚C for 5 min; supernatants containing soluble cellular proteins were collected and stored at -80˚C until use. Protein concentrations were measured using a Nanodrop 2000 fluorospecrometer (Thermo Scientific Corp., USA). Protein aliquots (1-10 µg) was resuspended in sample buffer and separated on 10% Tris-glycine gradient gels by SDS-PAGE (16) , and the proteins were transferred to nitrocellulose membranes. After blocking, the membranes were incubated with primary antibodies and then were incubated with hRP-conjugated secondary antibodies (17) . Immunoreactive proteins were visualized with an enhanced chemiluminescence detection system (Perkin-Elmer, Waltham, MA, USA) on X-ray film.
Flow cytometry. To evaluate the mechanism of growth inhibition by metformin, cell cycle profiles were analyzed after treatment with metformin. OE19 cells (1.0x10 6 cells in a 100-mm-diameter dish) were treated with or without 10 mmol/l metformin for 24-72 h. The cell cycle was analyzed by measuring the amount of propidium iodide (PI)-labeled DNA in ethanol-fixed cells. Fixed cells were washed with PBS and then stored at -20˚C until analyzed by flow cytometry. On the day of analysis, the cells were washed with cold PBS, suspended in 100 µl PBS plus 10 µl RNaseA (250 µg/ml) and incubated for 30 min. To each suspension was added 110 µl PI stain (100 µg/ml), and the cells were incubated at 4˚C for at least 30 min prior to analysis. Flow cytometry was performed on a Cytomics FC 500 flow cytometer (Beckman Coulter) with an argon laser (488 nm). The percentages of cells in different phases of the cell cycle were analyzed by FlowJo software (TreeStar, Ashland, OR, USA). All experiments were performed in triplicate to assess consistency of response.
Xenograft model analysis.
Animal experiments were performed according to the guidelines of the Committee on Experimental Animals of Kagawa University, Kagawa, Japan. Thirty male athymic mice (BALB/c-nu/nu; 6 weeks old; 20-25 g) were purchased from Japan SLC Inc. and maintained under specific pathogen-free conditions using a laminar airflow rack. The mice had continuous free access to sterilized (γ-irradiated) food (CL-2; CLEA Japan Inc.) and autoclaved water. Each mouse was subcutaneously inoculated with OE19 cells (5x10 6 cells per animal) in the flank. One week later, the xenografts were identifiable as masses of maximal diameter >6 mm. The animals were randomized to treatment with metformin or PBS. The metformin group was intraperitoneally (i.p.) injected five times per week with 2 mg/kg body weight per day metformin for two weeks; whereas the control group was administered PBS alone for 2 weeks. Tumor growth was monitored daily by the same investigators (S. Fujihara and T. Masaki), and tumor size was measured weekly by measuring the 2 greatest perpendicular dimensions. Tumor volume (mm 3 ) was calculated as tumor length (mm) x tumor width (mm) 2 /2 (18). All animals were sacrificed on day 17 after treatment, with all remaining alive during this period. Between-group differences in tumor growth were analyzed by one-way ANOVA.
Antibody arrays of phosphorylated receptor tyrosine kinase (p-RTK)
. human phospho-RTK was assayed using human phospho-RTK Array kits (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Briefly, p-RTK array membranes were blocked with 5% BSA/TBS (0.01 M Tris-hCl, ph 7.6) for 1 h and incubated with 2 ml of lysate prepared from cell lines after normalization so that amounts of protein were equal. After 3 washes for 10 min each with TBS plus 0.1% v/v Tween-20 and 2 washes for 10 min with TBS alone to remove unbound materials, the membranes were incubated with anti-phospho-tyrosine-hRP antibody for 2 h at room temperature. The unbound hRP antibody was washed out with TBS plus 0.1% Tween-20. Finally, each array membrane was exposed to X-ray film using a chemiluminescence detection system (Perkin-Elmer Co.). The density of the immunoreactive band obtained on this array was analyzed by densiometric scanning (TIc scanner, Shimizu Co, Ltd., Kyoto, Japan).
Angiogenic profile analysis using an antibody array. The RayBio human Angiogenesis Antibody Array (RayBiotech Inc.) was used according to the manufacturer's protocol. This method is a dot-based assay enabling detection and comparison of 20 angiogenesis-specific cytokines. Briefly, p-RTK array membranes were blocked with 5% BSA/TBS (0.01 M Tris-hCl, ph 7.6) for 1 h and incubated with 2 ml of lysate prepared from cell lines after normalization so that amounts of protein were equal. After 3 washes for 10 min each with TBS plus 0.1% v/v Tween-20 and 2 washes for 10 min with TBS alone to remove unbound materials, the membranes were incubated with anti-phospho-tyrosine-hRP antibody for 2 h at room temperature. The unbound hRP antibody was washed out with TBS including 0.1% Tween-20. Finally, each array membrane was exposed to X-ray film using a chemiluminescence detection system (PerkinElmer Co.). The density of the immunoreactive band obtained on this array was analyzed by densiometric scanning (TIc scanner, Shimizu Co., Ltd.).
Analysis of miRNA arrays. Total RNA was extracted from tumor samples and cancer cell lines using miRNeasy Mini kits (Qiagen, hilden, Germany) according to the manu facturer's instructions. RNA samples typically showed A 260/280 ratios between 1.9 and 2.1, using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
After RNA measurement with an RNA 6000 Nano kit (Agilent Technologies), the samples were labeled using a miRCURYhy3/hy5 Power Labeling kit and were hybridized to a human miRNA Oligo chip (v.14.0; Toray Industries, Tokyo, Japan). The chips were scanned with a 3-D Gene Scanner 3000 (Toray Industries), and the results analyzed by 3D-Gene extraction version 1.2 software (Toray Industries). Differences in miRNA expression between metformin-treated and control samples were assessed by analyzing the raw data using GeneSpringGX v10.0 (Agilent Technologies). Samples were first normalized relative to 28S RNA and baseline corrected to the median of all samples.
Replicate data were consolidated into 2 groups: those from metformin-treated cells and those from control cells and were organized using the hierarchical clustering and ANOVA functions in GeneSpring software. hierarchical clustering was performed using the use clustering function (condition tree) and Euclidean correlation as a distance metric. Two-way ANOVA analysis and asymptotic P-value computation without any error correction on the samples were performed to determine the miRNAs varying most prominently across the groups. The P-value cutoff was set to 0.05. Only changes >50% for at least one of the time points for each sample were considered significant. All the analyzed data were scaled by global normalization. The statistical significance of differentially expressed miRNAs was analyzed by Student's t-test.
Statistical analysis. All statistical analyses were performed using computer assisted JMP 9.0 (SAS Institute, Cary, NC, USA). Paired analysis between groups used t-tests. A P-value <0.05 was considered statistically significant.
Results
Metformin inhibits the proliferation of human esophageal adenocarcinoma cancer cells. The effect of metformin on the proliferation of four esophageal adenocarcinoma cell lines, OE19, OE33, SK-GT4 and OACM5.1c, was evaluated. Cells were grown in 10% FBS and treated with 0, 1, 5 or 10 mmol/l metformin for 72 h. Metformin showed a strong, dose-dependent inhibition of cell proliferation of all four esophageal adenocarcinoma cell lines (Fig. 1) .
Effects of metformin on cell cycle regulatory proteins in OE19.
The effects of metformin on the expression of various cell cyclerelated molecules in OE19 cells were evaluated by western blotting. Cells were treated with 0 or 10 mmol/l metformin for 24-72 h. The most marked metformin-associated change was the loss of cyclin D1, a key protein implicated in the transition from G 0 to G 1 phase, which showed a time-dependent reduction (Fig. 2) . Metformin treatment also resulted in a progressive decrease in phosphorylated Rb, but had no effect on total Rb. Assays of the expression of other proteins associated in the G 0 to G 1 transition showed that Cdk6, the catalytic subunit of cyclin D1, Cdk4, and cyclin E were decreased 48 and 72 h after the addition of metformin.
To further the mechanism of action of metformin on OE19 cell proliferation, cell cycle progression was examined by flow cytometry. Following the addition of 10 mmol/l metformin, an increasing number of cells started accumulating in G 0 -G 1 , 78.2% after 24 h, 81.1% after 48 h, and 81.9% after 72 h (Fig. 3) . This was accompanied by reductions in the percentages of cells in S-and G 2 -M phase (Fig. 3) . These findings suggest that metformin inhibits cell cycle progression from G 0 -G 1 into S-phase, resulting in G 1 cell cycle arrest.
Metformin inhibits tumor proliferation in vivo.
To determine whether metformin could affect tumor growth in vivo, nude mice were injected subcutaneously with OE19 cells, followed by the i.p. injection of metformin. Based on integrated tumor growth curves, the i.p. metformin substantially inhibited tumor growth, by 47% ( Fig. 4A and B) , compared with untreated control mice. Throughout this study, metformin had no apparent effects on the mice and did not affect their weight. All animals remained alive during the experiment.
Effects of metformin on p-RTKs in vitro and in vivo.
A p-RTK array system was used to identify the key RTKs associated with the antitumor effect of metformin. Using an antibody array (Fig. 5A ) enabled the expression of 49 activated RTKs to be screened in OE19 cells and tumors in the presence and absence of metformin. Metformin reduced the levels of expression of phosphorylated epidermal growth factor receptor (p-EGFR) and phosphorylated insulin-like growth factor-1 receptor (p-IGF-1R) in vitro, as well as reducing the expression of ErbB2, ErbB3, insulin-R and PYK (Fig. 5B) . Densitometry showed that ratios of p-EGFR, ErbB2 and ErbB3 spots of metformin-treated to untreated cells were 10.8, 38.4 and 4.6%, respectively (Fig. 5C ). The densitometric ratios of p-IGF-1R, insulin R, and PYK spots of metformin-treated to untreated cells were 2.5, 4.7 and 4.4%, respectively (Fig. 5C ).
Effects of metformin on angiogenesis in vitro and in vivo.
We used an angiogenesis array system (Fig. 6A) to identify the key angiogenesis-related molecules associated with the antitumor effects of metformin on OE19 cells. Of the 20 angiogenesis molecules screened, VEGF, TIMP-1, and TIMP-2 were reduced in vitro by metformin (Fig. 6B) . The densitometric ratios of VEGF, TIMP-1 and TIMP-2 spots of metformin-treated to untreated cells were 46.5, 36.6 and 35.6%, respectively (Fig. 6C) .
Effects of metformin on miRNA expression. Using a custom microarray platform, we analyzed the levels of expression of 985 miRNA probes in cell lines and tumor tissues in the presence and absence of metformin. Treatment of OE19 cells with 10 mmol/l metformin for 72 h significantly upregulated three miRNAs while significantly downregulating 10 miRNAs (Table I) .
Unsupervised hierarchical clustering analysis, using Pearson's correlation, showed that cell lines in vitro and tumorous tissues in vivo treated with metformin clustered together, and separately from untreated cell lines (Fig. 7) .
Discussion
Esophageal cancer is the eight most common cancer and the sixth most common cause of cancer deaths worldwide (19) . The incidence of esophageal adenocarcinoma (EAC) has been increasing, particularly in western countries, accounting for 50% of esophageal cancers (20) . Obese patients have a higher prevalence of gastroesophageal reflux disease, which can lead to Barrett's esophagus and intestinal metaplasia, which are precursors of EAC (21) (22) (23) .
Metformin (dimethylbiguanide) is one of the most commonly prescribed antihyperglycemic drugs for the treatment of type 2 diabetes worldwide. The mechanism of action of metformin includes the stimulation of glucose uptake and the increase in fatty acid oxidation in muscle and liver (5) . These properties can result in the inhibition of cancer cell growth, the suppression of hER2 overexpression and the inhibition of mTOR (24) (25) (26) . Metformin has also been shown to block cancer cell proliferation (5, (10) (11) (12) (13) , and to reduce the risk of esophagus, stomach, colon, pancreas and liver cancer, and improve cancer prognosis, in patients with type 2 diabetes (27) .
however, the antitumor effect of metformin on EAC remained unknown. herein, we show that metformin not only is a very potent inhibitor of human esophageal adenocarcinoma cell growth but also inhibits tumorigenesis in a xenograft model when administered intraperitoneally.
Specific cyclin/Cdk complexes are activated at different intervals during the cell cycle. Complexes of Cdk4 and Cdk6 with cyclin D1 are required for G1 phase progression, whereas complexes of Cdk2 with cyclin E are required for G1-S transition (28) . Metformin has been shown to downregulate cyclin D1 in various cancer cell lines, including stomach (11), colon (10), liver (13) , breast (9) , and prostate (5) cancer lines. however, the effects of metformin on catalytic subunits of cyclin D1, Cdk4 and Cdk6, remain unknown. The results presented here indicate that these major cell cycle regulators (cyclin D1, Cdk4, Cdk6, cyclinE, Cdk2 and phosphorylated Rb) may be intracellular targets of the metformin-mediated antiproliferative effect in human esophageal adenocarcinoma cell lines. In addition, flow cytometry showed that metformin arrested esophageal adenocarcinoma cells at the G 0 to G 1 transition in vitro. Metformin also markedly suppressed the growth of subcutaneous esophageal adenocarcinomas in athymic nude mice reducing the levels of expression of cyclin D1, Cdk4, Cdk6, cyclin E, Cdk2 and phosphorylated Rb in these tumors, indicating that metformin may inhibit the expression of cell cycle-related molecules in vivo. These data suggest that the antitumor effect of metformin may be related to the reduction of various cell cycle-related proteins, especially cyclin D1.
An in vitro study was conducted using a higher dose of metformin than used in human treatment (6-30 µmol/l). The use of such higher doses has been the subject of criticism of similar studies in other cancer cell types, such as breast (9), prostate (5), and colon cancer (10) cells. however, cells in culture are grown under hyperglycemic conditions (29) . Tissue culture medium alone contains high concentrations of glucose, and 5-10% FBS is typically added, resulting in excessive growth stimulation. This may explain why the antitumor effects of metformin in cell culture systems require higher doses than are used in patients with diabetes.
The expression of various cell cycle-related molecules, including cyclin D1 Cdk4, Cdk6, cyclinE and Cdk2, has been found to be enhanced in various cancers (30, 31) . Therefore, inhibition of these molecules, including cycle D1, may be a target for controlling tumor proliferation.
Metformin has been found to alter the phosphorylation of various proteins, including Akt, β-catenin, CREB and Chk2 (32) , and c-Src (29) , in various cell lines. Using protein arrays, we found that metformin reduced p-EGFR and p-IGF-1R in esophageal adenocarcinoma cells. Metformin has also been reported to reduce the levels of expression of p-EGFR and p-IGF-1R in breast (29) , and pancreatic (33) cancers. Together, these studies suggest that metformin might reduce the expression levels of levels of p-EGFR and p-IGF in many cancer types, including esophageal adenocarcinoma. The EGFR pathway is important in controlling cell cycle events. For example, EGFR activation was found to induce expression of cyclin D1, a protein important in cell cycle progression (34, 35) .
Metformin also reduced the level of VEGF expression, a key mediator in cancer angiogenesis, a process essential for cancer development and growth (42) . high VEGF expression has been associated with poor prognosis in patients with esophageal cancer, suggesting that reducing its expression may have benefits in patients with esophageal cancers (43) . Moreover, metformin was found to reduce expression of TIMP-1 and TIMP-2, both of which are angiogenesis-related proteins. TIMP-1 inhibits the activity of matrix metalloproteinases, which play an important role in cancer invasion and metastasis (36) .
TIMP-1 expression has been found to correlate with highgrade malignant behavior in human esophageal carcinomas, and is an independent prognostic factor in these patients (37) . These results suggest that the antitumor effect of metformin may be due, at least in part, to its reduction of TIMP-1 expression, and may therefore play an important role in reducing cancer invasion and metastasis.
The miRNAs associated with the antitumor effects of metformin were assessed using miRNA expression arrays. Cluster analyses clearly showed that metformin treatment affected the extent of miRNA expression in clustered cells and in tumor tissues. We identified 40 miRNAs that were differentially expressed in cluster. These miRNAs are meaningful candidates to gauge the effectiveness of metformin treatment and to provide clues to the molecular basis of the anti-cancer effects of metformin, particularly those mediated by miRNAs.
MiR-1246 was reported to be a target of the p53 family, and inhibits Down syndrome-associated DYRK1A, consequently activating NFAT1c and inducing apoptosis (38) . Serum miR-1246 was reported elevated in patients with esophageal squamous cell carcinoma, to correlate with TNM stage and to be an independent risk factor for poor survival (39) . Other studies have also shown contrasting changes in the miRNA expression levels between tissue and blood samples (40, 41) . It has not yet been determined whether miR-1246 acts as an oncogenic miRNA or tumor suppressor. however, metformin was shown to upregulate miR-1246 in gastric cancer (11) , esophageal squamous cell carcinoma (12) , and hepatocellular carcinoma (13) cell lines, suggesting that miR-1246 may be associated with the antitumor effect of metformin in various cancer cells.
In conclusion, our results revealed that metformin inhibits human esophageal adenocarcinoma cell proliferation and tumor growth, possibly by suppressing cell cycle-related molecules through the alteration of miRNAs.
